Abstract-To gain an understanding of the electroelastic properties of tactile piezoelectric sensors used in the characterization of soft tissue, the frequency-dependent electric impedance response of thick piezoelectric disks has been calculated using finite element modeling. To fit the calculated to the measured response, a new method was developed using harmonic overtones for tuning of the calculated effective elastic, piezoelectric, and dielectric parameters. To validate the results, the impedance responses of 10 piezoelectric disks with diameterto-thickness ratios of 20, 6, and 2 have been measured from 10 kHz to 5 MHz. A two-dimensional, general purpose finite element partial differential equation solver with adaptive meshing capability run in the frequency-stepped mode, was used. The equations and boundary conditions used by the solver are presented. Calculated and measured impedance responses are presented, and resonance frequencies have been compared in detail. The comparison shows excellent agreement, with average relative differences in frequency of 0.27%, 0.19%, and 0.54% for the samples with diameter-to-thickness ratios of 20, 6, and 2, respectively. The method of tuning the effective elastic, piezoelectric, and dielectric parameters is an important step toward a finite element model that describes the properties of tactile sensors in detail.
I. Introduction P iezoelectric transducers are used today in many different areas: from non-destructive testing of the structural properties of hard materials, to the use of ultrasonic waves to penetrate human soft tissue to diagnose medical conditions. recently, a series of studies has been reported utilizing piezoelectric tactile sensors for the characterization of soft tissue. It has been shown that these sensors can distinguish between normal and cancerous prostate tissue, and could therefore constitute a new diagnostic instrument [1] . Moreover, such sensors can be used to measure the intraocular pressure, providing information for the evaluation of edema [2] , [3] .
The basic principle involves a piezoelectric element vibrating at resonance. When the sensor element is placed in contact with soft tissue, the resonance frequency is changed slightly. This frequency shift is used to obtain information about the structural properties of the tissue. The interpretation of the sensor output signal requires further investigation in these applications. The creation of an electroelastic model of the sensor-tissue system and fitting the model to measurements of the vibrational spectra will be an important step toward a deeper understanding of the interaction between the vibrating sensor and the soft tissue with which it is in contact.
our general understanding of piezoelectric vibrations is based on the solution of the constitutive piezoelectric equations, supported by three-dimensional Maxwell equations and the equations of linear elasticity with suitable boundary conditions. The solutions to the equations are complex, and a closed-form solution could, in general, not be obtained without to resort to computer-based numerical methods. different techniques have been used to measure the vibrational surface pattern, or mode shape, of a piezoelectric ceramic. The surface motion of thick piezoelectric BaTio 3 disks with diameter-to-thickness ratios between 1 and 7 has been measured by an optical method in which radial, thickness extensional, and edge-mode vibrations were identified [4] . The resonant frequency response of thin piezoelectric ceramic PbTio 3 disks has been measured using a transmission circuit, showing three groups of thickness modes and two groups of radial modes [5] . The vertical vibration velocity distributions and the frequency spectra of beveled and unbeveled Pb(Zr·Ti)o 3 disks have also been measured [6] .
Two principal methods have been used to take into account vibrations in piezoelectric ceramics by numerical methods: the variational approximation method [7] and the finite element method (FEM) [8] . The strength of the latter lies in its flexibility when modeling different types of geometries, layered structures, material properties, and the coupling between the piezoelectric sensor and the medium with which it is in contact. Vibrational modes in piezoelectric PZT-5H disks have been analyzed using FEM [9] . radial, edge, length expander, thickness shear, and thickness extensional modes were identified. FEMcalculated and measured electric impedance (henceforth called impedance) frequency spectra of PZT5a samples with radial (r), edge (E), thickness shear (Ts), thickness extensional (TE), and high-frequency radial vibrational modes have been reported [10] . When comparing experimental results to results predicted by models, a problem lies in the reliability of the values of the electroelastic (elastic, piezoelectric, and dielectric permittivity) physical constants that characterize the piezoelectric ceramic. The data provided by manufacturers are often incomplete, and the disagreement is often as high as ±20% [11] . The large spread in the parameter input data makes it difficult to compare the results of FEM modeling to real measured results.
The development of computer technology has made it possible to perform FEM modeling on ordinary desktop computers. Moreover, FEM software has been developed to use dynamic mesh adaptive refinement and multithreading technology, which speeds up the computation. The idea of using a FEM model of a piezoelectric ceramic as part of an iterative procedure to adjust the values of the electroelastic constants, until the calculated and measured impedance spectra match, is now realizable. The asymptotic waveform evaluation method was adopted for a fast frequency sweep of the FEM analysis, and a design sensitivity method was used for a material inversion scheme of piezoelectric transducers [12] . Using a three-dimensional finite-element simulation of the constitutive equations, combined with an inexact newton or landweber iterative inversion scheme, the piezoelectric material parameters were reconstructed from electric impedance and mechanical displacement measurements [13] . Using a four-step method-experimental measurements, identification of vibration modes and their sensitivity to material constants, a preliminary identification algorithm, and final refinement of material constants using an optimization algorithm-the piezoelectric constants were determined [14] .
The purposes of this study were: 1) to develop a FEM model for piezoelectric disks that calculates the electric impedance response; 2) to develop a new method that minimizes the differences between the FEM-calculated and measured responses employing effective parameter grouping and harmonic overtones for tuning of the electroelastic parameters; and 3) to validate the tuning method by a comparison of the calculated and measured responses of thick piezoelectric disks with diameter-to-thickness ratios of 20, 6, and 2.
II. Method a small, compact, low-cost finite element partial differential equations solver, FlexPdE [15] was used. The solver has a dynamic mesh adaptive refinement capability and can be run in a multi-threaded environment on an ordinary desktop computer. The solver and the formulated partial differential equations with boundary conditions will hereafter be denoted PsM (partial differential equation solver-based model).
A. The PSM Solver, Equations, and Boundary Conditions 1) The Finite Element Partial Differential Equation Solver of the PSM:
The solver of the PsM transforms a system of partial differential equations and boundary conditions into a finite element model. The finite elements are created by a triangular mesh generator that allocates an unstructured mesh to the problem area. The solution process incorporates steps according to the weighted residual method [15] where, at the vertices of the triangles, the continuous problem is transformed into a discrete minimization problem.
This method of solving the partial differential equations does not guarantee that the solution is correct at every point in the problem domain, but the solution is correct in an integral sense at each vertex of all of the triangles that constitute the domain. during the problem-solving cycle, the mesh is modified by an adaptive procedure that measures the adequacy of the mesh and increases the mesh density by subdividing triangles in areas where the error is large. The system iterates the mesh refinement and solution until a user-defined error tolerance is achieved. an example of adaptive mesh generation can be seen in Fig. 1 . In this work, either adaptive or static (fixed) mesh generation was chosen to optimize the trade-off between accuracy and computational time.
2) Derivation of the PSM Equations in Axisymmetric
Cylindrical Format: In the steps used to derive the equations of the PsM model, the definitions and nomenclature given in the IEEE standard on Piezoelectricity [16] were adopted. In a rectangular coordinate system (x 1 , x 2 , x 3 ), the mechanical system variables of the disk are the strain, S ij , and the stress, T ij . The mechanical strain is given by: 1 where u i,j = ∂u i /∂x j and u i is the mechanical displacement vector. The electric flux density, D i , and the quasistatic electric field, E k , are the electric system variables. The stiffness, piezoelectric, and dielectric permittivity constants are denoted c ijkl E , e kij , and ε ik S , respectively. superscripts E and s indicate that the constants are measured under constant electric field and constant strain conditions, respectively. The mechanical and electrical systems interact through the linear constitutive piezoelectric stress equations:
; with supporting equations:
T u
where ρ is the density of the ceramic and φ is the electric potential [16] , [17] . [16] . The PsM was configured for an axisymmetric piezoelectric disk in a two-dimensional (r, z) cylindrical coordinate system, as shown in Fig. 2 . The disk has a diameterto-thickness ratio denoted a/h, where a is the radius and h is half the thickness. The disk was assumed to vibrate freely, with no traction forces on its surfaces, poled in the thickness direction and of 6mm crystal hexagonal symmetry [18] . compressed 6mm versions [17] of the elastic (a1), piezoelectric (a2), and dielectric (a3) constant matrices were used. The flat surfaces were completely covered by thin electrodes. The system was assumed to be linear with small deviations from its equilibrium state. a vertical cross-section of the disk, shown in Fig. 3 , was identified as the problem area for solving the partial differential equations that model the piezoelectric vibrations. The boundaries Γ 2 and Γ 0 are defined in the planes of the electrodes in the figure. Boundaries Γ 1 and Γ 3 were set parallel to the z-axis at r = a and r = 0, respectively. The electrodes were connected to an alternating voltage source Ve iωt , generating a vertical electric field.
The piezoelectric constitutive equations with S q and D k as independent variables can be expressed as [16] , [18] : 
where T rθ = T θz = 0. Eq. (1c) relates the divergence of the stress to the motion of the vibrating body. application of the axisymmetric cylindrical divergence operator [17] to the stress yields the equations that describe the periodic elastic vibrations of the piezoelectric disk:
0, = 0. Fig. 1 . Example of the mode shape of a piezoelectric circular disk, the area of which is equal to half the cross-sectional area of the disk. The unstructured mesh was generated using the adaptive mesh refinement technique. The displacements in the radial and axial directions are amplified to illustrate the variations in the mesh density. The second constitutional equation (2b), gives the components of the electric field: 
substitution of (1b) into (5) 
application of (1a), the divergence of the electric flux density, yields
Eqs. (3), (4), and (7) make up the system of partial differential equations solved by the partial differential equation solver of the PsM.
3) Calculation of the Impedance Response Function:
The solution of the PsM equations will give values of the elastic displacements (u r , u z ) and the electric potential, φ, for each frequency, ω, at every node of the mesh. Using (6), the total charge, Q, on an electrode with area A can be calculated:
The electric current can be expressed as I = dQ/dt = iωQ. The frequency-dependent impedance of the piezoelectric element can be expressed as φ/(iωQ), where φ is the potential at one electrode when the other electrode is grounded.
4) The PSM Boundary Conditions:
The boundary conditions of the four boundaries of the problem area Γ 0 , Γ 1 , Γ 2 , and Γ 3 ( Fig. 3 ) are listed in Table I . The keyword value specifies the value that a dependent variable must take at a boundary of the domain. The keyword natural boundary condition specifies the value that the normal component of the gradient of the dependent variable should have at the boundary of the domain. If a natural boundary condition is set to zero, the dependent variable is continuous across that boundary. Eq. (1c) combined with the boundary conditions natural (u r ) = natural (u z ) = 0 allows the boundary to move freely. The divergence of the electric flux density, Eq. (1a), relates the boundary condition natural (φ) = 0 to the continuity of the E-field across a boundary. at the origin (0, 0), a single point value (u r , u z ) was set equal to zero to allow only axisymmetric extensional mode vibrations [10] . The electric potential φ was set to zero at Γ 0 and to the value of the exciting voltage at boundary Γ 2 .
B. A Method to Tune the Effective Elastic, Piezoelectric, and Dielectric Parameters
To minimize the differences between the calculated (PsM) and the measured impedance responses, a procedure for tuning the effective electroelastic model parameters was devised. For simplification, hereafter, the superscripts E and s will be dropped in the effective parameter symbols, and the term parameter takes the same meaning as the term effective parameter.
Ten electroelastic parameters are required by the PsM model: the dielectric permittivity parameters ˆ, ε 11 15 The circumflex denotes that the parameters are effective PsM model parameters and not the physical constants. The density of the disk was not considered in the tuning procedure, and was set to the value given by the manufacturer or set to a measured value.
The basic principle of the method was to group together electroelastic parameters which, when varied, demonstrated a significant correlation to the variation in a set of selected resonance frequencies and impedance, here denoted target mode frequencies and target impedance. Moreover, the identification procedure started from the high end of the frequency spectrum, where the parameters associated with the thickness extensional resonance modes are dominant, proceeding to the low end where radial and edge modes dominate. The procedure was completed by identification of two parameters that most affect resonance modes superimposed on the fundamental thickness extensional mode.
Three groups of parameters were formed with associated frequency intervals, and their determination was carried out in three sequential tuning stages.
1) The high-frequency tuning stage: the dielectric permittivity and thickness extensional mode group with the parameter set ˆ, ε 33 ˆ, c 33 ˆ, e 33 and frequency interval characterized by the first thickness extensional resonance mode and its harmonic overtones. Target 
The four boundaries Γ 0 , Γ 1 , Γ 2 , and Γ 3 are located as in Fig. 3 . all boundary value conditions natural () and value () are set to zero except for boundary Γ 2 , where value (φ) is set to the excitation voltage. at the origin (0, 0), a single point value (u r , u z ) was set to zero to allow only axisymmetric extensional-mode vibrations.
mode frequencies: the first and second thickness extensional modes TE 1 and TE 2 . Target impedance, Z h : impedance in decibel averaged over a frequency interval located between TE 1 and TE 2 .
2) The low-frequency tuning stage: the radial and edge mode group with the parameter set ˆ, c 11 ˆ, c 12 ˆ, c 13 ˆ, e 31 and frequency interval characterized by the first and second radial, and the edge mode resonance. Target mode frequencies: the first radial mode resonance and anti-resonance r 1 , R 1 a , the second radial mode r 2 , and the first edge mode E.
3) The superimposed mode tuning stage: the thickness extensional superimposed mode group with the parameter set ˆ, c 44 ˆ, e 15 and the frequency interval characterized by two modes superimposed on the first thickness extensional resonance mode. Target mode frequencies: the two resonance modes that showed the greatest variation while varying parameters ĉ 44 and ê 15 were selected.
1) Parameter Sensitivity Ratios:
To identify the target mode frequencies and target impedance, an investigation of the parameter sensitivity ratios [19] was carried out using a PsM model for a prototype piezoelectric disk, Pd20, with a/h = 20. as a representative for the PZT5 family, the PZT5a electroelastic material constants were chosen as PsM model parameters for the prototype disk because the material is well known and the manufacturer has supplied a complete set of parameters [20] . In the sensitivity investigation, the sensitivity ratios were determined by varying one parameter at a time by ±2.5% while keeping the other parameters constant. The parameters have almost linear behavior for a ±20% variation, except in the region near the TE 1 resonance frequency [14] .
The sensitivity ratios were calculated as relative ratios, which in turn formed a sensitivity matrix, ξ nm , where n and m take the values 1, 2, 3 for the high-frequency tuning stage, the values 1, 2, 3, 4 for the low-frequency tuning stage, and the values 1, 2 for the superimposed mode tuning stage. as an example, the relative sensitivity ratio, ξ 23 , for the high-frequency tuning stage can be expressed as the ratio of the relative variation in target mode frequency f TE1 to the relative variation in parameter ê 33 :
.ˆê e e 33 33 33 + − − The superscript + indicates the result of a positive increase in the value of ˆ. e 33 In this way, a set of target mode frequencies and a target impedance were determined for the Pd20 disk. The complete version of ξ nm for the Pd20 disk can be seen in section IV.
It was decided not to incorporate the ε 11 parameter in the tuned parameter set; the main reason was that the disk was polarized in the thickness direction of the disk. To investigate the influence of ˆ, ε 11 sensitivity ratios for ε 11 were determined for the high-frequency tuning stage in which the grouped parameters for the dominant TE1 resonance are determined (section IV).
The method of subdividing the electroelastic parameter set into three groups is based on the assumption that the variation in parameters in a group has a negligible effect on the target mode frequencies belonging to the foregoing groups in the sequence. For example, after determining the parameter set in the first high-frequency tuning stage, the variation of the parameters in the following two stages should not significantly affect the target mode frequencies and impedance in the first stage. To check for group crosssensitivity, sensitivity ratios for the Pd20 sample were calculated.
2) Feedback Algorithm for the Determination of Grouped Electroelastic Parameters:
In the tuning of the electroelastic parameters, a feedback algorithm was used to iteratively determine the grouped parameter values. The structure of the algorithm is outlined in Fig. 4 as a flowchart diagram forming the feedback loop. The basic mechanism of the loop is to modify the grouped parameter values input to the PsM until the termination criteria is met. In the following, the execution of the feedback loop is described for the first high-frequency tuning stage, using the Pd20 as template. The procedure is identical for the low-frequency tuning stage and the superimposed mode tuning stage. For the second low-frequency tuning stage, the group parameter vector ψ n init is populated with elements containing values of parameters (ˆ,ˆ,ˆ,ˆ) c c c e 13 12 11 31 and the PsM calculates the target mode frequencies (E(R 12 ), R 2 , R 1 , R a 1 ). The low-frequency tuning stage sensitivity matrix given in section IV is used to calculate the parameter correction vector η n .
The final tuning of the complete PsM parameter set is ended with the superimposed mode tuning stage. The group parameter vector ψ n init is populated with elements containing values of parameters (ˆ,ˆ) c e 44 15 and the PsM calculates the target mode frequencies (TE 1 (R 6 ), TE 1 (E)). The superimposed mode tuning stage sensitivity matrix given in section IV is used to calculate the parameter correction vector η n .
III. Experimental Procedure
To verify the tuning method, three sets of 6mm piezoelectric disks, poled in the thickness direction, were acquired from a manufacturer (Morgan Electro ceramics, Wrexham, UK). Each set contained ten disks with the same a/h ratio. The sets, of type PZT5a1, will hereafter be referred to as samples sa20, sa06, and sa02, with average a/h ratios of 19.64 ± 0.04, 5.98 ± 0.02, and 1.98 ± 0.01, respectively. The average thicknesses of samples sa20, sa06, and sa02 were 2.03 ± 0.01 mm, 5.01 ± 0.03 mm, and 5.04 ± 0.01 mm, respectively. The average density of each sample was measured as: 7675 ± 42 kg/m 3 for sample sa20, 7860 ± 63 kg/m 3 for sample sa06, and 7743 ± 56 kg/m 3 for sample sa02.
The electrodes of the disks, deposited by the manufacturer, were made of silver and had a thickness of less than 10 μm [11] . The 0.1-mm-diameter electric leads that connected the electrodes to the voltage source were soldered to the electrodes. The soldered connections were of semi-spherical shape with a radius less than 0.5 mm. Each connection was positioned at the edge of the electrode as shown in Fig. 2 .
cross-sections of the sample holder are shown in Fig. 5 . The freely vibrating piezoelectric disk was supported by three 0.5-mm spring-loaded needles. The sample holder was oriented so that the plane of the needles coincided with the z = 0 plane. The measurements were carried out at room temperature with air as surrounding medium. a network analyzer (E5100a/B, agilent Technologies Inc., santa clara, ca) was configured to measure the real and imaginary parts of the impedance as a function of frequency.
The impedance of each piezoelectric disk was measured in two frequency sweeps, from 20 kHz to 1.4 MHz with a frequency resolution of 1.7 kHz, followed by a sweep from 1.4 MHz to 5.0 MHz with 5.0 kHz step resolution. The power input to the piezoelectric samples was set to −60 dB·mW to ensure that the system was linear.
The measured data were corrected for instrumental scaling factors. The real part of the correction term was found by measuring the response of a reference resistor. The quadrature correction term was measured with a parallel-plate reference capacitor. The reference components were mounted in the sample holder when measured. The values of the reference resistor and the reference capacitance were determined by a measuring bridge (Wayne Kerr B605, Wilmot Breeden Electronics, sussex, UK). It was discovered that the sample holder and the connected electrical cables contributed a parasitic inductance of L s = 0.13 μH. The parasitic reactance was subtracted from the imaginary part of the measured impedance. after completion of the measuring sequences, the data were transferred to a desktop computer for post-processing.
IV. results
Following the procedure for the Pd20 disk, outlined in section II-B-1, two prototype disks, Pd06 and Pd02, with a/h ratios of 6 and 2 were constructed. The sensitivity ratios are presented in matrix form, ξ nm , for the prototype disks Pd20, Pd06, and Pd02 with the corresponding target mode frequencies and target impedance for the highfrequency tuning stage in Table II, for the low-frequency  tuning stage in Table III, and for the superimposed mode  tuning stage in Table IV . The value of the target impedance, Z h , was averaged for all calculated frequencies in the frequency interval Δ f h .
It was decided not to incorporate the ε 11 parameter in the set of tuned parameters. To investigate the influence of the ε 11 parameter on the tuned high-frequency grouped parameters, sensitivity ratios were calculated (Table II) . For the Pd20 disk, the influence of the ε 11 parameter on the determination of the ˆ, ε 33 ˆ, c 33 and ê 33 parameters was less than 0.2%, 0.2%, and 0.4%, respectively.
The group cross-sensitivity ratios for the Pd20 and Pd02 prototype disks are presented in Tables V and VI, respectively. The sensitivity ratios show that subdividing the electroelastic parameter set into three almost independent groups is justified in the cases of Pd20 and Pd02 (Pd06 ratios are not given here). For the Pd02 sample, the cross-sensitivity ratios indicate that there is a nonnegligible cross-coupling between grouped parameters. Tuning of the Pd02 sample is discussed in section V.
PsM models of the samples sa20, sa06, and sa02, were created. The electroelastic parameters of the corresponding prototype disk, with the same a/h ratio, were selected as initial parameters. The tuning of the parameter set for each sample followed the stages described in section II-B using the iterative feedback loop described in section II-B-2. The number of loops needed for the termination criteria to be met varied between 4 and 7.
The PsM calculations were carried out in the discrete frequency step mode. The impedance was calculated in the frequency range 10 kHz to 1.4 MHz with 0.5-kHz frequency steps and 1.4 MHz to 5.0 MHz with 2-kHz frequency steps. The electrode surfaces were regarded as being infinitely thin with perfect electrical conductivity. The piezoelectric disks were assumed to be lossless. The boundary conditions were set according to section II-a-4. In the frequency range 10 kHz to 1.4 MHz, the adaptive mesh mode was selected with the error limit set to 10 −3 . In the range 1.4 MHz to 5.0 MHz, both the adaptive mesh mode and the fixed grid were used to optimize the computational speed. The error limit was varied between 10 −3 and 10 −2 in the higher frequency range to achieve reasonable computational times. To identify resonance mode types from the mode shape plots, a fixed grid covering the problem area was used with the number of elements: 8 × 82 for sample sa20; 16 × 50 for sample sa06, and 16 × 30 for sample sa02. To identify target mode frequencies, a simplified resonance mode naming scheme was used. a resonance mode superimposed on another mode was named with the main characteristic mode and an identification mode within parentheses. For example, the mode denoted TE 1 (r 6 ) has a low-frequency mode shape of the first thickness extensional mode TE 1 with a superimposed mode that has the same characteristic surface wavelength as mode r 6 [5] .
The results of the PsM calculations and measurements are presented in Figs. 6 and 7 , where the measured impedance is plotted versus the frequency, together with the response calculated for the three samples using the PsM after tuning. The impedance is presented in decibels with 1 Ω as reference impedance. For increased readability, the graphs show only frequency intervals where resonances are present, allowing direct comparison between the calculated and measured results. The extreme peak values in the calculated results are a consequence of the PsM being assumed lossless. The relative differences between the sample resonance frequencies calculated using the PsM and the measured frequencies are summarized in Table VII. The target mode frequencies are indicated in the frequency plots for sample sa20 in Fig. 6 and for sample sa06 and sa02 in Fig. 7 . To compare the effect of tuning the electroelastic parameters, smoothed impedance responses of the prototype disks are plotted in Fig. 6 for disk Pd20 and in Fig. 7 for disks Pd06 and Pd02.
The initial prototype parameters differed from the final tuned parameters depending on the sample and type of parameter. The maximum deviations of the elastic, piezoelectric, and dielectric parameters were +6.3%, +11.7%, and −16.7% for sample sa20; −12.3%, −14.7%, and −42.9% for sample sa06; and −2.3%, +11.2%, and −5.7% for sample sa02. The values are the ratios of the relative variations in target mode frequencies to the relative variations in the superimposed mode tuning stage parameters (ˆ,ˆ). c e 44 15 a nomenclature explained in section IV.
The tuned parameters for the samples sa20, sa06, and sa02 are listed in Table VIII , together with the prototype parameters that served as the initial parameter set. To control the uncertainty in the parameter values while executing the algorithm, the PsM frequency step was adjusted. To relate the calculated parameter values to the uncertainty, an estimated uncertainty, Δ u , based on the used frequency step, is presented with each parameter value in Table VIII. V. discussion
The FEM-based method presented in this work uses both fixed and adaptive meshing to optimize the trade-off between accuracy and computational time when performing the sensitivity calculations and the electroelastic parameter iterations. Moreover, in comparison with earlier work, the frequency range of interest is wider, including the harmonic overtone resonances of the thickness extensional modes. This simplifies the determination of the parameters that govern the thickness mode resonances. The parameter tuning method presented in this paper therefore provides a valuable contribution to the concept.
When using the tuned electroelastic parameters, the PsM impedance calculations for samples sa20 and sa06 are in excellent agreement with the measured impedances. However, the cross-sensitivity ratios for sample sa02 indicate that the method used to group parameters was not optimal for a disk with a small a/h ratio. The geometry of the disk allows only one radial and one edge resonance mode to exist. Hence, modes of increasing frequency are strongly affected by the first thickness-extensional mode. The TE 1 (r 3 ) target mode frequency (Fig. 7) , belonging to the high-frequency tuning stage, was affected by the lowfrequency tuning stage (ˆ,ˆ) c c 13 11 and the superimposed mode tuning stage (ˆ) c 44 parameter determinations, as can be seen in Table VI . The effect of this resonance mode cross-coupling between stages can be seen in Table VII . The relative deviation for the mode TE 1 (r 3 ) in the sa02 sample is 2.03%, whereas the other mode resonances deviate by at most 0.8%. Moreover, in the sa02 impedance response, shown in Fig. 7 , one resonance mode was measured at 387 kHz and several modes in the 550 to 750 kHz frequency range that were not reproduced by the PsM model. The absence of these modes in the PsM response could be the result of considering only axisymmetric extensional modes and neglecting flexural modes. The spread in the impedance calculated using the PsM, shown in Figs. 6 and 7, can be understood in terms of a combination of the fact that the model is assumed lossless and the solver operating mode. as the solver iterates a unique solution for each discrete frequency, and if the frequency belongs to a region where the system exhibits instability (near a resonance), the defined error limit and the assumption that the model is lossless may interact, causing the solver to stop iterating and deliver a single offset value.
although the tuning method does not determine the real physical electroelastic constants, the method offers a simple and fast way of constructing accurate FEM models of thick piezoelectric disks.
VI. conclusions
The work presented in this paper is part of an ongoing project to construct an electroelastic model of piezoelectric tactile sensors in contact with soft tissue. The first step was to set up a frequency-stepped FEM model, the PsM, utilizing an adaptive meshing technique to calculate the frequency-dependent electric impedance of thick piezoelectric disks. To tune the effective electroelastic PsM model parameters, in order to accurately reproduce the impedance response of real piezoelectric thick disks, a new method using harmonic overtones was developed. a comparison of the impedance calculations with the corresponding measured impedance showed excellent agree- ment. The average relative differences between the calculated and measured resonance frequencies were 0.27% for sample sa20, 0.19% for sample sa06, and 0.54% for sample sa02, whereas the maximum relative differences were 0.71% in mode r 9 for sample sa20, 0.84% in mode E(r 4 ) for sample sa06, and 2.03% in mode TE 1 (r 3 ) for sample sa02. The authors thank r. carus, Morgan Electro ceramics ltd., Wrexham, England, who kindly provided the piezoelectric disks used in this study, and s. Elmå, department of applied Physics and Electronics, Umeå University, who manufactured the sample holder used in the measurements. 
